Low vitamin D levels during pregnancy may account for reduced fetal growth and for altered neonatal development. The present study explored the association between maternal vitamin D status measured early in pregnancy and birth weight, prevalence of small-for-gestational-age (SGA) infants and postnatal growth (weight and length), as well as the potential role of vitamin D status in explaining ethnic disparities in these outcomes. Data were derived from a large multi-ethnic cohort in The Netherlands (Amsterdam Born Children and their Development (ABCD) cohort), and included 3730 women with live-born singleton term deliveries. Maternal serum vitamin D was measured during early pregnancy (median 13 weeks, interquartile range: 12-14), and was labelled 'deficient' (#29·9 nmol/l), 'insufficient' (30-49·9 nmol/l) or 'adequate' ($ 50 nmol/l). Six ethnic groups were distinguished: Dutch, Surinamese, Turkish, Moroccan, other non-Western and other Western. Associations with neonatal outcomes were analysed using multivariate regression analyses. Results showed that compared with women with adequate vitamin D levels, women with deficient vitamin D levels had infants with lower birth weights (2114·4 g, 95 % CI 2 151·2, 2 77·6) and a higher risk of SGA (OR 2·4, 95 % CI 1·9, 3·2). Neonates born to mothers with a deficient vitamin D status showed accelerated growth in weight and length during the first year of life. Although a deficient vitamin D status influenced birth weight, SGA risk and neonatal growth, it played a limited role in explaining ethnic differences. Although vitamin D supplementation might be beneficial to those at risk of a deficient vitamin D status, more research is needed before a nationwide policy on the subject can be justified.
The developmental origins of disease hypothesis states that many health outcomes in adult life are predetermined by the intra-uterine environment and fetal development. Numerous studies have shown an association between low birth weight and CHD, altered glucose tolerance and raised blood pressure (1) . Also, there is evidence of an association between the rate of weight gain after infancy and heart disease in later life (1) . Maternal nutritional status plays a crucial role in creating an optimal intra-uterine environment, and could therefore be a key factor in preventing adverse health outcomes later in life that are determined during fetal development. One important vitamin now recognised to be a possible influential component in this regard is vitamin D. Vitamin D, or calciferol, is essential for Ca homeostasis and bone mineralisation, and therefore vital to fetal and infant development (2) . Although there appears to be no consensus on the trimester in which vitamin D is most relevant, evidence suggests a role of vitamin D from early pregnancy onwards: even if the third trimester is the trimester with the most rapid growth, the trajectory is thought to be set early in gestation already (3, 4) , at which stage also bone development starts (5, 6) . In accordance with the developmental origins of disease hypothesis, Cooper et al. (7) and Pawley & Bishop (8) found an association between maternal vitamin D deficiency and several adverse health outcomes for pregnant women and their infants, such as lower maternal weight gain and reduced bone mineral acquisition during intra-uterine and early postnatal life. Furthermore, Scholl & Chen (9) showed that total maternal intake of vitamin D was associated with increased infant birth weight, and in a study by Brooke et al. (10) , more small-for-gestational-age (SGA) infants were born in a placebo-treated group (29 %) than in a vitamin D-supplemented group (15 %). To our knowledge, only Brooke et al. (11) have investigated the relationship between
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maternal vitamin D status and postnatal growth. They reported significantly higher weights during the first year of life for children whose mothers received vitamin D supplementation.
A substantial amount of research shows that vitamin D deficiency is common among ethnic minorities in northern countries (12 -14) . Large deficiencies are most often reported for Turkish and Moroccan women, with 55-84 % of them having vitamin D deficiency (13, 14) . These numbers are much higher than the 5-8 % of Western women with vitamin D deficiency (13, 14) . The reason for this difference in vitamin D status between native and immigrant populations may be the northern latitude of about 518, where sun radiation results in vitamin D synthesis only from April to September. Vitamin D synthesis is restricted when combined with the stronger pigmentation in people from certain ethnic minorities when compared with the native population, because dark-skinned people need more sun exposure to produce the same amount of vitamin D (15 -17) . Moreover, women from ethnic minorities often wear veils, which restricts their exposure to the sun even more (18, 19) . These vitamin D differences can be relevant in explaining the large disparities in neonatal measures found between ethnic groups. Neonates of non-Western origin often have lower birth weights, and are more likely to be SGA (20 -22) . Ethnic differences have also been found in infant weight gain during the first 9 months of life (23 -26) . The present study set out to explore the association between maternal vitamin D status measured early in pregnancy and birth weight and infant growth, and its potential to explain disparities in these outcomes between different ethnic groups living in The Netherlands.
Methods

Study population and design
The Amsterdam Born Children and their Development (ABCD) study is a large prospective community-based cohort study that examines the relationship between maternal lifestyle and psychosocial conditions during pregnancy and the child's health at birth and in later life. The essentials of the study design have been described previously (27, 28) . In brief, between January 2003 and March 2004, all pregnant women in Amsterdam were asked to take part in the ABCD study during their first prenatal visit to participating obstetric care providers (about the twelfth week of gestation). They were requested to complete a questionnaire that covered socio-demographic data, obstetric history, lifestyle, dietary habits and psychosocial factors. In addition, women were invited to participate in the ABCD biomarker study. For this study, an extra blood sample was taken during routine blood collection following the first prenatal check-up. Of the 12 373 pregnant women invited to participate, 8266 returned the pregnancy questionnaire (response rate, 67 %). Of these respondents, 4389 women (53 %) participated in the biomarker study. Reliable serum vitamin D was measured in 4236 of these women (Fig. 1) .
Data on infant weight and length were retrieved from the youth health care (YHC) centres in Amsterdam. Between the fourth and seventh day following delivery, the YHC centres record the date of delivery, infant sex, birth weight and gestational age (based on ultrasound or on the timing of the last menstrual period). During the first 14 months of life, the YHC centres conduct on average eight standardised routine measurements to monitor weight and length of infants. Because data collection from the YHC centres is still ongoing, data available up to 10 April 2009 were included in the analyses for the present study (n 2739).
The present study included only women with a pregnancy duration of 37 weeks or more who gave birth to live-born singletons without major congenital disorders and with data on all relevant study variables. This resulted in a subgroup of 3730 women when looking at birth weight and SGA. When examining weight and length, the numbers were 2365 and 2355, respectively (Fig. 1) . The study was approved by the Central Committee on Research involving Human Subjects in The Netherlands, the Medical Ethical Committee of the participating hospitals and the Registration Committee of the Municipality of Amsterdam. Participants gave written informed consent.
Outcome variables
Outcome variables were birth weight, SGA and neonatal weight and length trajectories of neonates born at term (gestational age $ 37·0 weeks). An infant was considered SGA when his or her birth weight fell below the tenth percentile of the most recent Dutch reference values (year 2008) for that gestational age according to parity and sex (29) . Neonatal weight and length trajectories were calculated by transforming each measurement as derived from the YHC records into sexand age-specific standard deviation scores (SDS) based on the total research population. Weight and length were examined at ages 1, 3, 6, 9 and 12 months.
Independent variables
For each participant of the biomarker study, a blood sample was taken in a 9 ml evacuated tube (Vacuette; Breiner BV, Alphen aan de Rijn, The Netherlands), and it was sent to the Regional Laboratory of Amsterdam for processing (either by courier or by overnight mail in special envelopes). At the laboratory, serum was prepared by centrifugation (1600 g for 10 min at room temperature), and stored as 1 ml aliquots at 2 808C until analysis. Serum 25-hydroxyvitamin D (25(OH)D) level was measured for 4250 women using an enzyme immunoassay method (OCTEIA AC-57F1 IDS Ltd, Boldon, UK). The intra-and inter-assay CV were , 8 and ,10 %, respectively. Vitamin D measurements outside the detection range (6-544 nmol/l) were excluded from the analyses (n 14). Reliability was checked using the HIL index: serum specimens may contain Hb (H, haemolysis), bilirubin (I, icterus) and lipids (L, lipaemia) that can adversely impact clinical chemistry tests. When these interferents had values of H . 1400, I . 30 and/or L . 250, the data were considered unreliable. Since there were no unreliable records, the seventy-one vitamin D measures that had a missing HIL index were considered reliable as well, and they were included for the analysis.
The pregnant woman's country of birth was used to determine ethnicity, except when she was Dutch and her mother was not; in such cases, the ethnicity of the mother was used. The following categories were distinguished: Dutch, Surinamese, Turkish, Moroccan, other non-Western and other Western. Within the ethnic minority groups, no distinction was made between first-and second-generation women as vitamin D exposure is not expected to differ between generations.
Potential confounders
The included covariates were physiological, lifestyle and socio-demographic characteristics of the pregnant women as obtained from the maternal questionnaire, and infant characteristics as derived from the infant questionnaire and the YHC records. The following relevant potential confounders were included (30, 31) : fetal sex, maternal height (cm), parity (0 , $ 1), maternal age (# 24, 25-34 and $ 35 years), smoking (yes, no), maternal pre-pregnancy BMI (underweight: BMI , 18·5 kg/m 2 , normal weight: 18·5 -24·9, overweight: 25-29·9 and obese: $ 30) and educational level (years of education after primary school: #5, 6-10 and $11 years). When analysing neonatal growth, duration of exclusive breastfeeding (0, 1-3, 4-6, . 6 months and unknown) was also included in the analyses.
At-term singleton 3779
Birth weight/SGA 3730 
Statistics
It was decided a priori to categorise the vitamin D levels, because the relationship between a specific micronutrient and a health outcome is generally non-linear (32) . The categories were based on the Dutch literature (14, 33, 34) , and were distinguished as follows: # 29·9 nmol/l ('deficient'), 30 -49·9 nmol/l ('insufficient') and $ 50 nmol/l ('adequate'). Here, it should be noted that although we labelled 50 nmol/l as adequate, it is suggested that serum concentrations need to be as high as 80 nmol/l before an adequate level is reached (30) . However, consensus on this subject has not been reached (30) . Descriptive statistics were used to assess the percentage of women in each vitamin D category (deficient, insufficient or adequate), mean gestational age, mean birth weight, number of SGA infants and mean weight at months 1, 3, 6, 9 and 12 for the total cohort and for each vitamin D category separately. Differences in the distribution of characteristics between vitamin D categories were tested with either the x 2 test for categorical variables or ANOVA for continuous variables.
A linear regression analysis was performed to determine an association between vitamin D status and birth weight. A logistic regression analysis was performed to determine an association between vitamin D status and occurrence of SGA. Growth (weight and length SDS) was analysed using the general mixed model option in SPSS version 15.0 (SPSS Inc., Chicago, IL, USA). This statistical method is able to fit a model using longitudinal data, irrespective of differences in the number of repeated measurements or differences in intervals for different cases. To compare growth between the three vitamin D categories and between the six ethnic groups, a post hoc comparison (Fisher's least significant difference) was made at ages 4, 13, 26, 39 and 52 weeks (i.e. 1, 3, 6, 9 and 12 months).
In all the analyses, birth weight was standardised for gestational age, and vitamin D was standardised for the season when the blood samples were taken, since lower levels of vitamin D are measured during winter (November -April) and higher levels are measured during summer (May-October).
Five models were created for each outcome variable. Models 1 and 2 were the crude models for each independent variable separately (vitamin D status and ethnicity). Models 3 and 4 were the models adjusted for all the relevant potential confounders, again for each independent variable separately. Lastly, model 5 combined the adjusted models to include both vitamin D status and ethnicity. Vitamin D status £ ethnicity interactions were tested by including the interaction term as a covariate to the fully adjusted model. All data were analysed using SPSS version 15.0. Associations were considered significant at P, 0·05, with the exception of the associations for weight SDS and length SDS: to reduce type I error with the multiple time measurements and post hoc analyses, these were considered statistically significant at P, 0·01.
Results
Study subject characteristics
In Table 1 , maternal and infant characteristics are given for the total research population and for each vitamin D category separately. The median 25(OH)D concentration was 54·4 (interquartile range: 32-76) nmol/l. Women with a deficient vitamin D status were on average younger and smaller, were not as likely to be expecting their first child, had a higher pre-pregnancy BMI and had a lower educational level compared with women with an insufficient or adequate vitamin D status. The mean birth weight for the entire group was 3515·6 (SD 489·1) g at a mean gestational age of 40·1 (SD 1·2) weeks. Of all of the infants, 9·2 % were born SGA.
Birth weight and small-for-gestational-age risk
The crude analyses showed a significant association between a deficient vitamin D status and birth weight (2114·4 g, 95 % CI 2151·2, 277·6). An insufficient vitamin D status was also related to a lower birth weight, but not significantly (2 35·5 g, 95 % CI 273·0, 1·9; Table 2 ). Correspondingly, an increase of 140 % in the risk of being SGA was observed in the deficient vitamin D category and an increase of 50 % in this risk was observed in the insufficient category, both compared with the adequate category ($ 50 nmol/l). After adjustment for all the potential confounders (Adjusted 2), the associations with birth weight and SGA risk remained significant for the deficient vitamin D category (birth weight 264·0 g, 95 % CI 2 107·1, 2 20·9; SGA 1·9, 95 % CI 1·4, 2·7). Table 2 also shows that a minor part of the differences in birth weight (approximately 25 g) between the Dutch and ethnic minority groups can be attributed to differences in vitamin D status. After full adjustment (model 5), birth weight remained significantly lower for the Surinamese group and significantly higher for the Turkish group. The estimated SGA risk decreased to 1·5 (95 % CI 1·0, 2·3) in the Surinamese group and to 0·4 (95 % CI 0·2, 0·8) in the Turkish group. Vitamin D status £ ethnicity interaction was not detected for either birth weight or SGA (P. 0·05). Fig. 2(a) (weight) and Fig. 2(b) (length) . Overall, no differences were observed between the adequate and insufficient vitamin D groups. However, in Table 3 , the weight model adjusted for the potential confounders, but not for ethnic group, shows that compared with infants born to mothers with an adequate vitamin D status, infants born to mothers in the deficient category had significantly higher weights at months 6 and 9. Analyses of length showed that infants in the deficient category were significantly smaller at month 1, but significantly larger at 12 months of age.
Neonatal weight and length
From Fig. 2(a) and (b), it can be observed that additional adjustment for ethnic group did not change the pattern of the growth trajectories of weight and length. Compared with the adequate group, both weight and length of the deficient group were significantly lower until month 3, with the difference completely disappearing between weeks 13 and 26. After week 26, however, length continued to increase, reaching significance at months 9 and 12. Weight also increased after week 26, but converged to the adequate category in week 52. Fig. 3(a) , it can be observed that the Turkish infants were significantly heavier than the Dutch infants during the first year of life. The Moroccan infants were significantly 67·6  0·10  67·7  0·06  0·028  9 months  72·4  0·05  72·3  0·10  72·3  0·10  72·4  0·07  0·665  12 months  75·0  0·06  75·1  0·12  75·0  0·12  75·0  0·08  0·634 25(OH)D, 25-hydroxyvitamin D; SGA, small for gestational age. Mean values were significantly different from reference: * P,0·001; ** P, 0·01; *** P,0·05. † Reference group. ‡ P for differences between vitamin D groups tested with x 2 for categorical variables or ANOVA for continuous variables.
heavier at months 6, 9 and 12. The Surinamese infants were relatively light, but did not differ significantly from the Dutch infants. However, they were significantly smaller at months 1 and 3 ( Fig. 3(b) ). The Turkish infants were larger at months 6, 9 and 12, and the differences between the Dutch and Moroccan infants did not reach significance. No vitamin D status £ ethnicity interaction was detected for either weight or length (P. 0·05).
Discussion
To our knowledge, this is the first large-scale study to prospectively investigate the relationship between maternal vitamin D status and offspring outcomes in a multi-ethnic cohort. It shows that infants born to mothers with early pregnancy vitamin D levels # 29·9 nmol/l had significantly lower birth weights and an increased risk of SGA compared with infants born to mothers with levels $ 50 nmol/l. Previous reports have shown inconsistent results for associations between maternal 25(OH)D concentrations and measures of birth size (10,35 -37) . Brooke et al. (10) randomly supplemented Asian women with vitamin D during their third trimester of pregnancy. They (10) found that birth weights of children born at term did not differ between mothers in the vitamin D-supplemented group and mothers in the non-supplemented group, although the supplementation did raise the women's 25(OH)D concentrations. However, they did report that the percentage of SGA-born infants was twice as high in the non-supplemented group compared with the Table 2 . supplemented group. The latter result is consistent with Marya et al. (35) who also found a lower prevalence of low birth weight infants in the supplemented group. However, both the studies by Brooke et al. (10) and Marya et al. (35) were conducted among Asian women at high risk of vitamin D deficiency, and comparison to the present results should therefore be made with caution. An observational study by Morley et al. (36) found no association between 25(OH)D concentration and birth weight. They (36) measured maternal 25(OH)D concentrations about the twenty-eighth week of gestation; this was the thirteenth week of gestation in the present study. At present, it is not known whether maternal vitamin D levels track over gestation, since results obtained from the investigation of vitamin D in gestation are inconclusive (38, 39) . We therefore do not know which stage in pregnancy is most relevant, but it is possible that an association between 25(OH)D concentration and measures of birth size is prevalent when measuring 25(OH)D concentration early in pregnancy, at which stage the growth trajectory is set (3, 4) and bone development starts (5, 6) . Although this explains the present results in comparison with afore-mentioned studies (10, 35, 36) , longitudinal studies with repeated measurements during pregnancy would be required to confirm these associations.
In the present study, infants of mothers with a deficient vitamin D status showed accelerated growth in weight and length. This increased growth velocity might be explained by the Dutch policy to advice parents to supplement their child with vitamin D droplets when exclusively breastfed. When not exclusively breastfed, infants receive vitamin D from fortified bottle-feedings. Thus, after birth, infants depend no longer on the vitamin D status of their mother, and consequently, may increase their growth velocity.
Accelerated growth may have important long-term implications, since it is associated with increased risk of obesity (40 -42) . Interestingly, not only accelerated infant growth, but also poor infant growth in combination with accelerated weight gain during childhood is associated with increased risk of CHD and insulin resistance (43 -45) . To our knowledge, only one previous small study by Brooke et al. (11) explored vitamin D levels in relation to postnatal growth. They reported significantly higher weights at 3, 6, 9 and 12 months in children whose Asian mothers, at high risk of vitamin D deficiency, received vitamin D supplementation during the last trimester. Infant length only differed significantly at months 9 and 12. These data are best compared with the weight and length measures given in Table 1 , where a different observation is made. Our results showed that compared with the adequate group, mean infant weight of a child born to a mother with a deficient vitamin D status was significantly lower at month 1 and significantly higher at months 6, 9 and 12. In contrast to the results reported by Brooke et al. (11) , mean length was significantly lower at months 1, 3 and 6, and it did not differ from that of the adequate group at months 9 and 12. The insufficient group showed only a significant lower mean length at month 1 and no differences in mean weight. These inconsistencies may be due to the large difference in 25(OH)D concentration between the non-supplemented and supplemented group (16·2 v. 168·0 nmol/l) that Brooke et al. (11) reported compared with the relatively small differences in concentration between the three vitamin D categories in the present study. Future research should aim at designing studies to further investigate associations between vitamin D and infant growth measures as well as to examine growth beyond 12 months of age in order to assess the relationship with health outcomes later in life. The present study confirms the high prevalence of vitamin D deficiency among ethnic minorities in northern countries (12 -14) as well as the lower birth weights of their infants when compared with indigenous newborns (20 -22) . The disparities between the Dutch native and ethnic minority populations in vitamin D status might be explained by differences in skin pigmentation (15 -17) . Other factors to be considered are differences in nutritional habits (9, 10) and amount of sun exposure (18, 19) . For example, in a study by Grover & Morley (19) , 80 % of dark-skinned and/or veiled women were at high risk of vitamin D levels below 22·5 nmol/l.
In Surinamese people, the relatively heavy pigment is thought to play a large role, whereas Turkish and Moroccan people have a traditional clothing style that prevents their skin from being exposed to the sun. Although only a small portion of vitamin D generally comes from food, it may be a relatively important factor for the ethnic minority groups, because when dermal synthesis is low, dietary adequacy becomes important. When food intake of vitamin D is also low (which may be more common among those from ethnic minorities than among the Dutch), it may aggravate an already low vitamin D level. These low levels are of no concern if vitamin D is used more efficiently. However, as we found no significant interaction between vitamin D status and ethnicity, there do not seem to be any ethnic differences in metabolic efficiency of vitamin D between ethnic groups.
Vitamin D status appears to play a limited role in explaining some of the existing differences in birth weight between ethnic groups. In the Moroccan, other non-Western and other Western groups, vitamin D status did not provide an additional contribution on top of adjustment for all the potential confounders. In the Surinamese and Turkish groups, however, vitamin D status explained approximately 25 g of the difference with the Dutch infants. The differences in infant weight and length trajectories between ethnic groups were not explained by maternal vitamin D status. However, it should be taken into account that the present study only investigated vitamin D, while it is very likely that the maternal food and behavioural pattern as a whole influence neonatal health outcomes. Therefore, although the contribution of vitamin D found in the present study was relatively small, it might be an important factor in relation to other nutrients, such as Ca.
Some strengths and limitations of the present study should also be discussed. The present study is part of a large population-based longitudinal study that uses questionnaires in different languages to include all ethnic minority groups. However, analyses were performed only on the data of women whose vitamin D status had been measured and where growth data of their children were available. Because this resulted in a relatively healthy sample of pregnant women, the results may be too conservative. Strengths also include the use of a reliable set of growth data obtained from care providers and detailed information on a range of covariables. Nonetheless, some residual confounding resulting from missing data on breastfeeding (no known end date for 26·7 % of women) might be present. However, when breastfeeding was categorised as 0, 1-3 or .3 months (which allowed for better classification of women because of available information on the 3-month questionnaire), it had no effect on the growth model. To eliminate confounding by preterm and multiple births, only singleton term-born infants were included. An adjustment was made for season of vitamin D collection but not for gestational age at blood sampling, because season is considered to be more important (38, 46, 47) , and the literature on the relationship between gestational age and vitamin D levels, as noted before, is inconsistent (38, 39) .
In conclusion, the results of the present study show that a deficient maternal vitamin D status is associated with lower birth weight, higher SGA risk and altered neonatal growth, both in weight and in length, but in itself makes a limited contribution to explaining ethnic differences in these outcomes. Nonetheless, vitamin D plays an important role in a range of health-related processes, and the poor vitamin D status in several ethnic minority groups indicates the beneficial role of extra vitamin D on an individual level, not only to improve a woman's health, but possibly also to improve that of her child, both before and after birth. The Health Council of The Netherlands recognises the importance of vitamin D, as shown by their renewed recommendation on vitamin D supplementation to achieve the minimum required level of vitamin D status (34) . Although the Health Council recommends a higher intake for pregnant women than for nonpregnant women, this advice has still not been fully integrated in practice (e.g. health services). The present study indicates that although vitamin D supplementation might be beneficial for certain groups, more research is needed before a nationwide policy on the subject can be justified. 
